Cytoskeletal actin assemblies transmit mechanical stresses that molecular sensors transduce into biochemical signals to trigger cytoskeletal remodeling and other downstream events. How mechanical and biochemical signaling cooperate to orchestrate complex remodeling tasks has not been elucidated. Here, we studied remodeling of contractile actomyosin stress fibers. When fibers spontaneously fractured, they recoiled and disassembled actin synchronously. The disassembly rate was accelerated more than twofold above the resting value, but only when contraction increased the actin density to a threshold value following a time delay. A mathematical model explained this as originating in the increased overlap of actin filaments produced by myosin II-driven contraction. Above a threshold overlap, this mechanical signal is transduced into accelerated disassembly by a mechanism that may sense overlap directly or through associated elastic stresses. This biochemical response lowers the actin density, overlap, and stresses. The model showed that this feedback mechanism, together with rapid stress transmission along the actin bundle, spatiotemporally synchronizes actin disassembly and fiber contraction. Similar actin remodeling kinetics occurred in expanding or contracting intact stress fibers but over much longer timescales. The model accurately described these kinetics, with an almost identical value of the threshold overlap that accelerates disassembly. Finally, we measured resting stress fibers, for which the model predicts constant actin overlap that balances disassembly and assembly. The overlap was indeed regulated, with a value close to that predicted. Our results suggest that coordinated mechanical and biochemical signaling enables extended actomyosin assemblies to adapt dynamically to the mechanical stresses they convey and direct their own remodeling.
M echanical signaling plays critical roles in diverse cellular processes such as cell migration, adhesion, differentiation, morphogenesis, and gene transcription (1) (2) (3) . In these contexts, cytoskeletal actin structures spatially distribute mechanical stresses, thereby rapidly communicating mechanical information to remote locations within the cell (4) . Transduction of this information to altered biochemical activity of local molecular mechanosensors can then activate remodeling of the cytoskeleton and other downstream events (2, 3) . Mixed signaling pathways of this type involving either stress or strain sensors have been identified. The cytoskeleton conveys stresses that alter the binding activity of talin to vinculin in focal adhesions (5) , and mechanical strains in actin networks in vitro were transduced by filamin cross-linkers into altered binding affinities for proteins that regulate downstream actin remodeling (6) . However, it remains unclear how mechanical and biochemical signaling are coordinated in vivo to orchestrate complex cell-scale reorganizations of the cytoskeleton.
Far from passive, actomyosin assemblies that convey mechanical stress are active and dynamic and can both exert stress and respond to mechanical cues. For example, myosin II activity was required for remote activation of Src kinase when stresses were applied to transmembrane integrins (7) , and contractile force from myosin II may help cells to sense and respond to extracellular matrix rigidity (1, 8) . Continuous turnover of cytoskeleton components allows for a dynamic response to force, as when actomyosin stress fibers respond to cyclic uniaxial stretch by aligning perpendicular to the direction of stretch and thickening, a process that depends on the LIM protein zyxin (9) .
The dynamical character of actin assemblies suggests that they could adapt to the very mechanical stresses they convey and thereby regulate downstream processes, including their own remodeling. To investigate such mechanisms, we studied actin turnover and remodeling in the cellular network of stress fibers (SFs). SFs are extended actomyosin bundles that terminate in transmembrane focal adhesions and exert contractile force (10, 11) and are used by myofibroblasts to promote tissue reorganization during wound healing (12) and by vascular endothelial cells for stabilization against shear stress from blood flow (13) , among other examples. Similar to striated muscle, SFs consist of sarcomere-like repeat units: along the fiber, actin filament polarity alternates (14) , and regions of nonmuscle myosin II alternate with regions of the actin filament cross-linking protein α-actinin (10, 15) . Their well-characterized and consistent morphology lends itself to exposing the mechanisms of cytoskeletal mechanotransmission and remodeling.
In the SF network of the cell, individual fibers are discarded by spontaneous fracture events, following which the severed fiber recoils and contracts over distances >10 μm (16) . Whether such contraction episodes elicit actin remodeling in the fibers is not known, but this is plausible because SF actin, in contrast to muscle, is highly dynamic, turning over every ∼3 min (11) . Assembly of actin within SFs occurs in α-actinin-rich puncta (17), Significance Cellular activities are regulated by signaling pathways in which information is transduced biochemically. Increasingly it is appreciated that regulation also involves mechanical signaling, where mechanical information is mechanotransduced into biochemical information. However, little is understood about the cooperation of mechanical and biochemical signaling in mixed pathways. We identified a pathway where the two types of signaling work in harmony to remodel actomyosin stress fibers in the cell's cytoskeleton. We present evidence that expansion or contraction of fibers alters the actin filament overlap, a mechanical signal that is mechanotransduced into actin assembly or disassembly, which in turn alters the overlap. A mathematical model accurately describes our measurements and shows that this mechanical-biochemical feedback loop synchronizes actin remodeling with fiber length changes. the expected location of actin filament barbed ends, simultaneous with disassembly that depends on the actin filament severing protein cofilin (18) . Here we address the mechanism of actin remodeling, whereas previous studies examined the recoil dynamics of SFs after artificial severing by laser ablation. It was shown that SFs recoil due to myosin-dependent contraction of individual sarcomeres (19) (20) (21) , and in one study, fibers contracted inhomogeneously and established nascent zyxin-rich adhesions at locations of high stress (21) . Mathematical models of recoil kinetics (20) (21) (22) have invoked myosin II contractile forces, internal elastic, and viscous forces, and variously proposed that mechanical coupling between the fiber and the surrounding cytosol and cytoskeletal network is viscous (22) , elastic (21) , or altogether absent (20) .
To examine remodeling in the actin cytoskeleton and the role of mechanical signaling, we studied recoil and contraction of spontaneously severed SFs. These events expose remodeling mechanisms with clarity as enormous length changes (∼80% shortening) occur over short time intervals (10-30 s) . Substantial remodeling occurred, synchronized over cell-scale distances, with ∼50% of the actin disassembling only after the actin density exceeded a critical value. A mathematical model explained this behavior as due to myosin II-driven contraction that increases actin filament overlap along the fiber and activates a mechanosensing mechanism that promotes actin disassembly. This negative feedback loop relieves overlap and synchronizes actin disassembly and sarcomere contraction rates. Intact SFs obeyed the same remodeling kinetics during expansion and contraction episodes, and we found that resting SFs regulate the actin overlap to have a constant value close to the model prediction. Thus, extended actomyosin assemblies can be more than passive transmitters of stress: using a local mechanosensing mechanism, they can dynamically adapt to these stresses to regulate their own remodeling.
Results
Spontaneous Severing and Recoil Follow Failure of SF Repair. To investigate remodeling mechanisms in the actin cytoskeleton, we performed time lapse imaging of mouse fibroblasts expressing fluorescently tagged SF components. These cells exhibited cell-spanning networks of actin SFs (Fig. 1A) along which α-actinin-GFP localized periodically, consistent with sarcomeric organization (Fig.  S1 ). The sarcomere length was 1.27 ± 0.65 μm ( Fig. S1 ; mean ± SD, n = 628), consistent with previous measurements (23) .
In response to internal or external mechanical stress, SFs elongate and thin locally, triggering recruitment of a zyxin/VASP/ α-actinin repair machinery that restores SF structural integrity (16) . However, in 18% of cases (0.03 ± 0.01 events/min per cell) the SF failed to repair and spontaneously fractured at a single location (16) (Fig. 1A) , when the new fiber ends retracted and the two fiber segments shortened significantly (16) (Fig. 1 A and B and Fig. S2 ). Thus, we could study actin remodeling that accompanies dramatic changes in SF morphology without perturbation from drugs or laser ablation (10, 19) . Spontaneous severing occurred without recruitment of repair proteins (n = 4; Fig. S2A ) or following the failure of recruited repair proteins to stabilize the elongation site (n = 8; Fig. S2B ). Severing fibers were normal in terms of location and width (SI Text and Fig. S3 ).
SFs That Spontaneously Sever Have Negligible Mechanical Coupling to Their Surroundings. The propagation of mechanical signals by cytoskeletal structures depends on their mechanical coupling to the surroundings (21, 22, 24) . Consistent with negligible elastic coupling, the total retraction distance ΔL of severed fibers was proportional to the initial fiber length L 0 , with fibers up to ∼25 μm long shortening by 80 ± 13% (n = 18; Fig. 1 B and C) . Consistent with negligible viscous drag the contraction rate was uniform along the fiber (Fig. S2 D and E) , and recoil durations τ ∼ 15-30 s were independent of initial fiber length (Fig. S2 F and G) . Thus, SFs have negligible external mechanical coupling showing that mechanical signals, including the loss of tension after severing, are almost instantaneously communicated along the entire SF. Increases. During recoil, 51 ± 21% (n = 16) of the SF actin was disassembled ( Fig. 2A) , and disassembly occurred uniformly along the fiber (Fig. 2B) , suggesting a global synchronization mechanism. As fibers shortened by a greater factor of ∼0.8, the linear actin density (total fluorescence divided by fiber length) increased by a factor of 1.9 ± 0.8 (n = 16; Fig. 2A ). Similar density increases occurred for α-actinin and zyxin (SI Text and Fig. S4 ). Further, fiber widths increased ( Fig. 2 C and D) , resulting in a somewhat lower ∼1.4-fold increase in the actin 3D density (SI Text). Thus, actin is shed during contraction, but its 1D and 3D densities increase. Our procedure assumed proportionality of actin amount and fluorescence intensity; we checked this from the intensities of overlapping fibers (Fig. S5 ).
Actin Disassembly Occurs Only After Actin Density Increases. To test whether actin density and disassembly are causally related ( Fig.  2A) , we tracked SF length, total actin fluorescence, and actin density in time following spontaneous severing. This analysis revealed three features that together implicate actin density and mechanical stress or strain as possible regulators of actin disassembly. (i) Actin disassembly was accelerated approximately twofold during recoil: the disassembly time was 89 ± 119 s (n = 16; Fig. 3A ) compared with ∼173 s that we measured in intact SFs using fluorescence recovery after photobleaching (FRAP) (Fig. S6 A and B). (ii) Following severing, actin disassembly was delayed relative to recoil by 53 ± 93 s (n = 16; Fig. 3B ). Much of the disassembly occurred only after the fiber had ceased shortening (Fig. 3B , Inset). (iii) During this delay period, the actin density sharply increased to a peak value of 2.5 ± 1.2-fold larger than its initial value (Fig. 3A) .
Thus, most disassembly occurred only after the actin density increased significantly. Thereafter, as actin disassembled at the final SF length, the density and the amount of actin decayed over the same time scales. This observation suggests rapid actin disassembly may be caused by the increased actin density when fibers shorten. Greater density is associated with increased overlap of actin filaments and elastic stresses (25) , either of which might be the stimulus.
Intact SFs Assemble or Disassemble Actin During Episodes of
Expansion or Contraction. Because actin was remodeled in rapidly contracting severed SFs, we asked if similar processes occurred in intact SFs. Using fiduciary marks from fluorescently tagged zyxin or α-actinin to identify a segment of a SF, we tracked the segment length, the amount of actin, and the linear actin density vs. time. Fiber segments underwent spontaneous episodes of contraction during which the amount of actin decreased but the density increased ( SFs. Expansion episodes also occurred, when the amount of actin increased, whereas the linear density decreased (Fig. 4 B and D and Fig. S6 C and D) . The latter was measured in zyxin-null cells only, because fiber expansion in WT cells typically triggers a repair response (16) .
Actin Remodeling Is Correlated with SF Contraction or Expansion.
These findings suggest that actin disassembly (assembly) is coupled to shortening (elongation) of SFs. To further test this hypothesis, we compared the timescales for remodeling and for length change over many events. In pooled data from severed fibers and contracting or expanding segments of intact fibers, the actin remodeling time was strongly and positively correlated with the time for length change (r = 0.88, P < 10
), a correlation that held over a very broad range of timescales (∼5 s to 50 min; Fig.  4E ). Thus, the mechanism that remodels actin is highly sensitive to the rate of fiber shortening or elongation.
The Amount of Actin Filament Overlap in SF Sarcomeres Is Regulated.
Because SFs comprise sarcomere repeat units with inward pointing actin filaments that overlap at the sarcomere centers (10, 14) , the amount of overlap presumably increases (decreases) in contracting (expanding) sarcomeres similarly to striated muscle (26) . Moreover, in recoiling SFs, actin disassembled only after the actin density increased (Fig. 3) , showing that disassembly requires the overlap to exceed a certain resting value. These results suggest that the amount of overlap regulates actin remodeling and lead to the prediction that in intact SFs at rest (i.e., not undergoing stretching or compression episodes), the overlap is regulated to have a definite steady-state value, independent of the sarcomere length, that gives zero net assembly.
To test this hypothesis, we examined resting SFs (Fig. 4 F and  G) . The amount of actin was positively correlated, whereas the actin density was negatively correlated, with sarcomere length (n = 166 sarcomeres; Fig. 4 H and I) . The data were well described by a constant value of the actin filament overlap length, with a best fit value x ss olap = 0.28 ± 0.09 μm, but clearly excluded the possibility that either the amount of actin or the actin density in a sarcomere are maintained constant. Thus, the actin remodeling mechanism regulates the filament overlap to have a constant value.
Mathematical Model of SF Remodeling. Our experiments show that actin remodeling is coupled to fiber contraction or expansion and suggest a causal relation between the rate of remodeling and the degree of actin filament overlap. To further test this, we developed a mathematical model (Fig. 5A ), related to a previous model (27) we developed to explain the response of intact SFs to treatment with the phosphatase inhibitor calyculin A (10). Here, after severing, the loss of fiber tension is rapidly transmitted along the fiber, causing sarcomere contraction and actin filament overlap at sarcomere centers. This generates compressive elastic stresses, measured in overlapping filaments in vitro (25) and in skeletal muscle (28) . Our key assumption is that the overlap of filaments is transduced into accelerated actin disassembly (27) by stress or strain sensors in each sarcomere. This mechanism creates a feedback loop that regulates actin remodeling during recoil. The molecular mechanisms of mechanosensing are unknown, but candidate sensors are considered in Discussion. We summarize the model below; for details and parameter values, see Table S1 . Contractility and expansivity. SFs, in common with other dynamic actomyosin structures, exhibit contractility and expansivity (Fig. 5A) . Contraction of a sarcomere of length x sarc is powered by myosin II motors at sarcomere centers that slide actin filaments inwards at speed v myo . Expansion is due to elongation of the actin filaments of length l act in that sarcomere. Thus (dots denote time derivatives)
The contraction rate is offset by the polymerization rate of actin barbed ends at sarcomere boundaries, v pol = 2 nm/s, estimated from FRAP experiments ( Fig. S6A and Table S1 ). Mechanosensitivity of actin disassembly and elastic stress. Following severing, myosin-powered contractility shortens sarcomeres from their initial length x 0 sarc = 1.27 μm (Fig. S1 ), forcing actin filaments in the sarcomere to overlap a distance x olap = 2l act -x sarc and creating a stress per actin filament f elas = k elas x olap , where k elas is the force constant (Fig. 5A ). Given our observation that the net disassembly rate is elevated during recoil, we assume actin filament overlap feeds back into the disassembly rate via local mechanosensors r dis = r where r 0 dis = 0.75 nm/s is the stress-free rate from in vitro measurements, and x p olap is the overlap that significantly accelerates disassembly. Our results are insensitive to the particular form of Eq. 2, provided it features a critical overlap that accelerates disassembly (SI Text and Fig. S7 ). If we assume elastic stress-based mechanosensing, then f p elas = k elas x p olap is the threshold force that activates elevated disassembly rates. Myosin sliding velocity and sarcomere force balance. The myosin sliding velocity v myo depends on the load f myo according to a forcevelocity relation, v myo = (f s − f myo )/γ myo , where f s is the stall force per actin filament (Table S1 ). The load is set by the force balance on each sarcomere
where f visc = −γ sarc _ x sarc is internal viscous drag, and f titin = k t x sarc is a contractile elastic force from cellular titin (29) (Table S1 ). Finally, sarcomere collapse halts at a minimum length, similar to striated muscle (26) , resulting in a minimum SF length (Fig. S2F) ; f min is the internal resistance that prevents contraction beyond this stage (SI Text). External forces are absent, consistent with our experimental findings (Fig. 1C and Fig. S2G ). 
1). (C)
Confocal images of an actin-mCherry SF just after severing and after the completion of recoil. Line scans of actin intensity were taken perpendicular to the fiber axis (boxes) to determine SF width. (D) During recoil the apparent SF width increased 17 ± 16% (mean ± SD, n = 12, P = 0.01). The full width half maximum was determined by fitting Gaussians (solid lines) to actin intensity profiles across the fiber (solid circles). Bar graphs: mean ± SEM.
We solved Eqs. 1-3 for the sarcomere and actin filament lengths x sarc (t) and l act (t) of a recoiling SF, with initial conditions for a steady-state fiber that was just severed (SI Text). This solution gave the relative linear actin density ρ act = (l act /x sarc )/ðl 
The Model Quantitatively Reproduces the Observed Kinetics of SF
Recoil and Actin Remodeling. We compared model-predicted evolutions of SF length and relative actin density during recoil to our experiments. For each SF, we fitted for the critical overlap distance, the sarcomere drag coefficient, and the minimum sarcomere length (Fig. 5 B and C) ; the mean values were x p olap = 0.36 ± 0.3 μm, γ sarc = 268 ± 305 pN·s/μm, and x min sarc = 0.33 ± 0.18 μm (R 2 = 0.81, n = 16; Table S1 ). The model reproduced the principal experimental features, including the fiber shortening kinetics (Fig. 5B) ; the increase, peak, and decay of actin density to a final value exceeding the initial value (Fig. 5C) ; and the delay of actin disassembly relative to recoil (Fig. 5D ).
Actin Remodeling During Contraction Is Regulated by a Feedback
Loop That Coordinates Mechanical and Biochemical Signaling. The model identified a mechanism that may orchestrate actin remodeling during SF contraction. Following severing, the SF tension vanishes, mechanical information that is instantaneously communicated via actin filaments to all sarcomeres, which thereafter evolve synchronously. Initially (t < 50 s) actin filament overlap is small and there is little disassembly (Figs. 3A and 5 D and E) , but as recoil proceeds, contraction increases the overlap and stress per filament up to ∼0.8 μm and ∼3.3 pN, respectively (t ∼50 s), sufficient to activate local mechanosensors that transduce this mechanical information into elevated actin disassembly rates. Actin filaments therefore shorten, partially relieving the actin density, overlap, and elastic stresses, which boosts the growth rate and tends to restore the actin filament overlap, completing the feedback loop. The feedback synchronizes actin disassembly with sarcomere shortening, and the observed delay between recoil and actin disassembly (Fig. 3) is identified as the time for filament overlap to attain the critical level that activates mechanosensors distributed along the length of the SF.
The Model Quantitatively Describes Expansion or Contraction in
Intact Fibers. Next we applied the model to the remodeling episodes we observed in intact SFs. The model accurately described these events, with a mean best fit value of the critical actin overlap x of these values is a significant corroboration, as the two families of remodeling events are independent, with very different timescales and amplitudes (Fig. S6E ). That the model applies equally well to the much slower intact fiber events suggests that the normal assembly/disassembly machinery is involved. The remodeling mechanism during expansion was similar to that for contraction, except that the overlap drops below the steady-state value so that actin assembles in synchrony with expansion.
Mechanosensitivity of Actin Turnover Regulates Actin Filament
Overlap in SF Sarcomeres. In resting SFs we found that the actin filament overlap is somehow regulated to have a definite value independent of sarcomere length (Fig. 4 F-I ). The mechanism emerges immediately from our model (Fig. 5A ): in steady state, the overlap must adopt the value that elevates the actin disassembly rate r dis (Eq. 2) to precisely equal the assembly rate v pol (SI Text). Independent of sarcomere length, the model then predicts x ss olap ∼ 0:35 μm using the parameters of Table S1 . This value is close to the value of x ss olap = 0.28 ± 0.09 μm that we independently measured in resting fibers (Fig. 4 H and I) . Thus, regulation of actin filament overlap is due to mechanosensitivity of actin turnover, which allows the degree of overlap to be sensed.
The regulation of overlap also explains a basic feature of our severed fiber measurements: that the final actin density after recoil is approximately twofold larger than the initial value ( Figs. 2A  and 3A) . The model accurately reproduced this feature, which follows because the steady-state overlap has the same value, x ss olap = 0.28 μm, before severing and after the recoil is complete. Thus, the final actin density is higher, because in shorter sarcomeres the overlap length is a greater fraction of the total sarcomere length.
Discussion
We presented evidence that cells couple mechanical signaling with a local mechanosensing mechanism to regulate the remodeling of SFs in the actin cytoskeleton, as represented by the signaling network of Fig. 6 , which features transduction between mechanical and biochemical information in both directions. During contraction episodes, myosin II contractility increases actin filament overlap and generates stresses that the bundled actin structure rapidly distributes to all parts of the fiber, thereby coordinating events in all sarcomeres. A local mechanosensing mechanism transduces the mechanical signal of increased overlap into accelerated actin disassembly, a biochemical effect that in turn reduces the actin density and filament overlap, a mechanical feedback. The mathematical model of Eqs. 1-3 articulates the network of Fig. 6 . It shows that the feedback mechanism synchronizes actin filament shortening and sarcomere contraction.
The model accurately reproduced the observed kinetics of severed fiber recoil (Fig. 5) , the expansion and contraction kinetics of intact SFs (Fig. 4 A-E) , and the actin filament overlap in resting SFs (Fig. 4 F-I) . The molecular mechanosensing mechanism is unknown, but several observations support its existence and the mechanisms of our model. (i) During recoil, the actin disassembly rate was accelerated approximately twofold over the actin turnover rate in resting SFs (Fig. 3A and Fig. S6 A and B), suggesting that an active mechanism for disassembly is triggered. (ii) Critically, our model accurately reproduced the observation that actin disassembly accelerated only after the linear actin density increased ∼2.5-fold, after which ∼50% of the actin disassembled in ∼50 s (Fig. 5 C and D) . Agreement of the model with experiment relied on a trigger point for disassembly, suggesting an underlying molecular mechanism acutely sensitive to density or elastic stress. (iii) Over a remarkably broad range (5 s to 50 min), the timescales for actin remodeling and contraction or expansion were strongly correlated, showing that remodeling is coupled to changes in actin density (Fig. 4E) . . Proposed mechanism that remodels extended actomyosin structures based on coordinated mechanical and biochemical signaling. Contraction of a spontaneously severed sarcomeric SF is depicted. (A) Local mechanical stresses in each sarcomere (contractile, elastic, viscous) are almost instantly communicated to remote parts of the fiber, synchronizing events in different sarcomeres. (B) Dynamical feedback loop that regulates remodeling. Contractile force from myosin II drives sarcomere contraction, which elevates actin filament density and hence elastic stresses that oppose contraction. Above a threshold, the increased density activates molecular stress or strain sensors, whose altered biochemistry accelerates actin disassembly, which in turn relieves actin density and stresses. This mechanism synchronizes fiber contraction and actin disassembly on cell-spanning length scales. Blue, mechanical variables; green, biochemical variables; blue-green step, mechanical-to-biochemical transduction; green-blue step, biochemical-to-mechanical transduction.
This test is stringent, as these are independent sets of events with radically different durations and amplitudes. (v) In resting fibers, actin filament overlap is regulated, with a value 0.28 ± 0.09 μm close to the predicted value, 0.35 μm, using model parameters from best fits of recoil events (SI Text and Fig. 4 H and I ). This test is again stringent, as these are again independent measurements.
These results support the hypothesis that the net actin assembly rate is set by the amount of actin filament overlap at SF sarcomere centers (Fig. 5A) . The overlap could be sensed directly or through compressive stresses known to result from actin filament overlap. Such stresses were measured in vitro between actin-bearing surfaces (25) . Indeed, for this case, we estimate a force constant k elas ∼3-6 pN/μm (SI Text), similar to our estimate for stress fibers, k elas = 4:2 pN/μm (Table S1 ). Given typical overlaps of ∼0.3 μm, we predict substantial typical compressive stresses in SFs of order ∼1 pN per actin filament. Such stresses could alter net actin assembly rates mechanically without molecular mechanosensors (30), but we consider this unlikely as actin growth and disassembly in cells is mediated by regulating molecules that would presumably be subject to these stresses.
Thus, the molecular mechanosensor system that transduces the overlap could be a strain or a stress sensor. The SF repair protein zyxin does not appear to influence postsevering actin remodeling (Fig. S8 ), but the actin severing protein cofilin, which contributes to actin disassembly in SFs (18) , is a possible stress sensor as tension reduced the rate of severing and binding by cofilin in actin filaments and SFs, respectively (31) . This observation suggests compressive elastic stresses would increase the cofilin-mediated actin disassembly rate, consistent with our results. Molecules that mediate actin filament assembly are also candidate sensors such as formin proteins, which assemble actin and may play a role in remodeling SFs (32) . Formins Dia1 and Bni1p showed ∼50% increased assembly rates per applied tensile force of 1 pN (33, 34) , suggesting the compressive stresses we estimate in SFs may have a substantial effect. In general, a growing number of actin cytoskeletal modulators have been identified that sense mechanical signals and influence downstream cytoskeleton remodeling.
Others include talin (a stress sensor) and p130Cas/Fyn and filamin (proposed strain sensors) (5, 6, (33) (34) (35) .
Here we studied remodeling in SFs, cytoskeletal actin assemblies with a linear and spatially periodic sarcomeric structure. The mechanisms we identify (Fig. 6 ) may be used by cells to remodel other more complex extended actin structures, a considerable challenge difficult to meet with biochemical signaling alone. First, remodeling must be synchronized at locations separated by large distances. Mechanical signaling provides a natural solution, as bundles or networks of stiff actin filaments can almost instantly propagate mechanical stresses remotely. Second, to resize regions requires that local contraction (expansion) be synchronized with actin disassembly (assembly). Our results suggest that this may be accomplished by cooperative mechanical and biochemical signaling, in which the propagated mechanical stresses activate local molecular stress or strain sensors distributed throughout the structure.
Materials and Methods
Live Cell Imaging. Confocal time-lapse images of mouse embryo fibroblasts expressing fluorescently tagged actin, α-actinin, and zyxin were acquired on an inverted microscope, with illumination at 488 and 568 nm, at 2-or 10-s intervals. See SI Materials and Methods for details.
Image Analysis. Severed ends of recoiling fibers were located by the steepest gradient of linear actin intensity. Total intensities of labeled components were measured in region of interest after background subtraction and correction for photobleaching. See SI Materials and Methods for details.
Statistical Analysis. Significance at the 95% confidence level was determined using unpaired, two-tailed t tests, except for fiber width (paired two-tailed t test). Notation: ***P < 0.001; **P = 0.001-0.01; *P = 0.01-0.05; not significant (ns), P > 0.05.
